Coordinated sliding of microtubule doublets, driven by dynein motors, produces periodic beating of the axoneme. Recent structural studies of the axoneme have used cryo-electron tomography to reveal new details of the interactions among some of the multitude of proteins that form the axoneme and regulate its movement. Connections among the several sets of dyneins, in particular, suggest ways in which their actions may be coordinated. Study of the molecular architecture of isolated doublets has provided a structural basis for understanding the doublet's mechanical properties that are related to the bending of the axoneme, and has also offered insight into its potential role in the mechanism of dynein activity regulation.
Introduction
Axonemes, whose structure is remarkably conserved from protists to mammals, play diverse roles in many physiological functions including cell motility and signal transmission. For example, respiratory cilia are responsible for airway clearance, and nodal flow generated by nodal cilia is critical to left-right axis development. Defects in their structure are associated with a number of clinical disorders.
The axoneme is one of the largest molecular machines, assembled from molecular devices that function collaboratively. More than 250 proteins are involved in forming the axoneme. The structure of the axoneme has been the subject of extensive study for more than half a century (for reviews, see [1] [2] [3] [4] ). In the axoneme, nine doublet microtubules are distributed around two singlet microtubules, termed the central pair. Radial spokes, dynein motors and nexin molecules brace and link them together to form a cylindrical structure.
Many components of the axoneme are involved in the regulatory process that maintains a regular beating wave. The dynein regulatory complex (DRC) [5] [6] [7] is involved in coordination of dynein arm activity. Flexible nexin molecules that link 06/07/07 3 adjacent doublets are also proposed to be part of the regulatory mechanism [8*]. The central pair, probably, acting through the radial spokes, plays a role that is not yet fully understood [9] [10] [11] . Mutations that delete the central pair usually, but not always, cause a lack of motility in sperm [8*,12-14] . Removal of the outer dynein arms produces a reduction in beat frequency but has little effect on the axoneme waveform [15, 16] . It appears that the various components may have overlapping or complementary roles in both the mechanics and regulation of beating. Knowing the structures and interactions of all these components will clearly be essential for understanding the mechanisms of motion.
The basic structure of the axoneme has been elucidated through many electron microscopy studies that have mainly used embedded and sectioned specimens. The 
Electron Tomography of the Axoneme and Doublets
There are some limitations in the cryo-tomography procedures that constrain our interpretations of the maps, principally the low exposures that the specimens can tolerate and the fact that the specimen can be tilted to only around 70 degrees, resulting in resolution that is worse in the direction perpendicular to the plane of the specimen than within the plane. Averaging images of similar structural motifs improves the low signalto-noise ratio that results from the limited exposure. In the case of the intact axoneme, 06/07/07 4 averaging can be carried out over the nine differently oriented microtubule doublets, relieving the resolution anisotropy. Surface renderings of the averaged structures show a complete inventory of the dyneins as well as a surprising number of connections among them ( Figure 1 ). The bending modulus of isolated doublets is anisotropic, favoring bending in the plane that contains the two tubules rather than perpendicular to it as one might expect from the cross section of the doublets. Because the doublets on a microscope grid are never completely straight, they tend to orient with the two tubules in the specimen plane. Thus, even though the doublet density map is obtained by averaging over a number of doublets in different orientations, the preferential orientation results in resolution that is better in the plane of the doublet than perpendicular. Still, the A number of features in our map support the interpretation that the ribbons arise from the partition region and that all of the doublet protofilaments are formed of tubulin.
We interpreted the filamentous structure associated with the bridge density as the tektin filament [19**]. The lateral projections, which form a pattern that repeats with a 16-nm spacing along the filament, appear to bind the filament tightly to protofilaments A1 -A4.
Additional proteins associated with the partition on the outside of the A-tubule appear to 
Conclusion:
Cryo-electron tomography has produced 3-D density maps of intact axonemes and of isolated doublets in which many of the protein components are clearly resolved.
Hypotheses about the identity of some of these proteins suggest novel connections between the structure and function of the doublet and other complexes that comprise the 06/07/07 9 axoneme. Inner-microtubule associated proteins bound to the inner wall of the doublet A-tubule may stabilize the protofilament framework and the docking of extra-tubule complexes, such as dynein arms and nexin links. Flexible links between the various parts offer new ideas on mechanisms that regulate and coordinate axoneme movement. We can look forward to continuing improvements in the resolution in structural studies that will complement the wealth of biochemical data on this subject in testing these hypotheses and extending our understanding of this movement. 
